Abstract -An analytical method consisting in enzymatic deconjugation, solid phase extraction and purification, and gas chromatography/mass spectrometry analysis after derivatization was used in this study to quantify Polycyclic Aromatic Hydrocarbon (PAH) metabolites in the bile of fish. The method has been applied in a laboratory experiment studying the fate of pyrene in basin containing soles. This study has allowed the identification of 1-hydroxypyrene as the single metabolite in bile after enzymatic deconjugation. In a second time, 1-hydroxypyrene has been used as a biomarker of exposure in the case of the "Erika" oil spill. This biomonitoring was successful in demonstrating the exposure of juvenile soles to PAHs present in the "Erika" fuel oil.
Introduction
The 12th of December 1999, the Erika oil tanker broke in two, close to the Atlantic coast of France. Consecutively to its sinking, around 20 000 t of fuel oil were spilled into the sea. On the 24th of December, the first slicks reached the coast. The Erika oil spill affected the coast-line from the South headland of Brittany to the North of Oléron Island. This area is of special importance considering fish as it shelters some of the largest nurseries of the French Atlantic coast.
Polycyclic aromatic hydrocarbons (PAHs) are important constituents of fuel oil in terms of quantity (Tissot and Welte 1978; Neff 1979; Boehm et al. 2001 ) and toxicity toward marine species (Moore et al. 1989; Baumann 1989; De Flora et al. 1991) . Because of extensive metabolism of PAHs by fish a Corresponding author: h.budzinski@lptc.u-bordeaux1.fr (Varanasi et al. 1989 ), metabolite quantification is more appropriate than PAH tissue content determination, when evaluating PAH exposure (Krahn et al. 1984 (Krahn et al. , 1986a McDonald et al. 1992; van der Oost 2003; Meador 2003) . Metabolite concentrations are usually determined semi-quantitatively as global fluorescent aromatic compound equivalents (FACs) in the bile of fish (Krahn et al. 1984 (Krahn et al. , 1986a Ariese et al. 1993; Lin et al. 1996; Beyer et al. 1996; Aas et al. 2000) . In order to evaluate the potential exposure of fish from nurseries within the area affected by the Erika fuel oil, an analytical method has been developed to determine individual PAH metabolite concentrations quantitatively in fish bile. This method has been applied to monitor the fate of pyrene (as a model compound representative of PAHs) in soles exposed to waterborne pyrene in basin. Then, the major metabolite of pyrene, 1-hydroxypyrene, previously demonstrated to be a predominant metabolite in fish bile 330 H. Budzinski et al.: Aquat. Living Resour. 17, 329-334 (2004) (Krahn et al. 1987; Ariese et al. 1993) , has been monitored in the bile of fish captured in a nursery site from the Atlantic coast of France on five occasions between February 2000 and September 2002.
Material and methods

Chemicals
1-hydroxypyrene (OHPyr) was purchased from Lancaster (Strasbourg, France), and 1-hydroxypyrene-d9 and phenanthrene-d10 from Cambridge Isotope Laboratories (Andover, MA, USA).
Various solvents were used. Methanol Lichrosolv was obtained from VWR (Strasbourg, France). Ultra Resi-Analysed methylene chloride (Mallinckrodt Baker) was purchased from Atlantic Labo (Eysines, France), Multisolvent ethyl acetate and ethanol (Scharlau) were provided by ICS Nationale (Belin Beliet, France) and sterilized water for injection was purchased from laboratory Aguettant (Lyon, France).
Acetic acid 100% Normapur was provided by VWR (Strasbourg, France), sodium acetate trihydrate 99% and β-glucuronidase-aryl-sulfatase mixture, 100 000 and 7500 units ml −1 respectively, by Sigma-Aldrich (Saint Quentin Falavier, France). 2-mercaptoethanol and bis(trimethylsylil)-trifluoroacetamide (BSTFA) were purchased from Acros organics (Noisy-Le-Grand, France).
The different steps of the protocol are: enzymatic deconjugation, solid phase extraction, purification, and analysis ( Fig. 1 ).
1-hydroxypyrene analysis
Bile samples (100 µl) were treated with 20 µl of β-glucuronidase -aryl-sulfatase mixture (Sigma-Aldrich, Saint Quentin Falavier, France), 100 000 et 7500 units ml −1 respectively, for enzymatic deconjugation. To this purpose, the bile samples were buffered to pH 5 (acetate buffer constituted of sodium acetate and acetic acid in water). 20 µl of 2-mercaptoethanol, used as an antioxidant, and the internal standard (1-hydroxypyrene-d9 (OHPyrd9)) were subsequently added to the samples. They were then placed in an oven at 37
• C during 20 h. After ultra-sonication and centrifugation (5 min, 5000 rpm, 18
• C), supernatants were loaded on Bakerbond C 18 cartridges (Atlantic Labo, Eysines, France) previously preconditioned with 2 ml of methanol and 4 ml of water. Cartridges were washed with 2 ml of water and 2 ml water/methanol (70:30, v/v) . Water traces were then removed by freeze-drying the cartridges. Freeze-drying was performed because of the possible loss of low molecular weight compounds during nitrogen stream drying at room temperature. Metabolites were then eluted with 6 ml of methanol. Extracts were evaporated to dryness under a gentle nitrogen stream and re-dissolved in methylene chloride.
Supelclean LC-NH 2 cartridges from Supelco (Saint Quentin Falavier, France) were then used for purification. Before loading the sample, the cartridge was first preconditioned with 3 ml methanol/methylene chloride (20:80, v/v). The selective elution of metabolites was obtained using 6 ml of the mixture of solvents previously used. The final extract was evaporated to dryness under a gentle nitrogen stream and redissolved in methylene chloride.
After derivatization with BSTFA (30 min, 65
• C), phenanthrene-d10 (Pd10) was added to the samples for recovery determination and analyses were performed by GC/MS using single ion monitoring mode (SIM; m/z = 188 (Pd10), 290 (OHPyr), 299 (OHPyrd9)) (automated PTV pulsed splitless injection (25 psi, 1.5 min); purge delay: 1.5 min and purge flow: 60 ml min −1 ; injector temperature: 250 • C; interface temperature: 280
• C; oven temperature: from 70 • C (2 min) to 180
• C (1 min) at 5
• C min −1 and from 180 • C to 290
• C (1 min) at 10 • C min −1 , electron impact: 70 eV; voltage: 2000 V; source temperature: 150
• C; 1.53 scan s −1 ; dwell time: 50 ms). Analyses were performed with a gas chromatograph Agilent Technologies (GC 6890A) equipped with a mass selective detector MSD 5973N. The column was a HP5/MS (30 m × 0.25 mm × 0.25 µm; phase: 5% diphenyl-, 95% dimethyl-siloxane) and the carrier gas used was helium 6.0 provided by Linde (Toulouse, France). A mixture constituted of 1-hydroxypyrene and 1-hydroxypyrene-d9 was injected at the beginning and at the end of each GC/MS sequence for response factor determination and a manipulation blank was performed together with samples to control potential contamination (an example of a real sample chromatogram is presented Fig. 2 ). The glassware was washed with detergents and heated 6 h at 450
• C before use.
PAH analysis
For the determination of PAHs in aqueous phase, water was first passed through a 0.7 µm GFF filter (VWR, Strasbourg, France) to separate dissolved PAHs from PAHs adsorbed on particulate matter.
PAHs were extracted from freeze-dried solid matrices (sediment, particulates, liver, muscle) by micro-wave extraction with methylene chloride followed by filtration on clean glass cotton (Budzinski et al. 1999) .
Dissolved PAHs were extracted by passing water samples through an octadecyl speedisk (Baker, Atlantic Labo, Eysines, France) on which PAHs are retained. Analytes were then recovered by successive elutions with methylene chloride and methylene chloride/ethyle acetate (1:1, v/v).
Extracts of the different matrices were then purified on alumina (Al 2 O 3 ) and silica (SiO 2 ) columns and analysed by GC/MS using single ion monitoring mode (SIM; based on molecular ions) (Budzinski et al. 1999 ). PAHs were quantified by internal standard quantification using perdeuterated PAHs (Baumard and Budzinski 1997).
The glassware was washed with detergents and heated 6 h at 450
Laboratory study design
Soles (Solea solea) were exposed to waterborne pyrene in October 2002. To this purpose, two 500 L basins, placed outdoors, covered with a polyethylene film and containing each one cleaned sand, were filled with 100 L of seawater. 36 fish were introduced into each one and were not fed during the experiment. In one of the basins, a single dose of 100 µg of pyrene dissolved in 1 ml of ethanol was added at T0 (start of the experiment). The other basin was used as a control. The contamination period lasted 7 days followed by a decontamination period (Td) of 7 days in clean basins supplied with open seawater circuit. Water temperature varied from 8.5 to 17.5
• C and salinity from 33% to 35% during the experiment and depending on the hour of the day. The water was slightly oxygenated during the experiment.
Water was sampled for PAH quantification at T0 and after 3 days (T3) and 7 days (T7) for the control basin (duplicates of 500 ml). Water was sampled two hours after the T0, T3, T7  T1, T3, T7  T1, T3, T7, Td  Pyrene  H2, T3, T7  T1, T3, T7  T1, T3, T7, Td Tn time in days; Hn time in hours. Td: decontamination period of 7 days.
contamination (H2) and after 3 days and 7 days for the pyrene contaminated basin (duplicates of 100 ml). Sand, liver and muscles were also monitored for PAH accumulation meanwhile bile was used for PAH metabolite content determination following the sampling framework presented in Table 1 . When it was possible (taken into consideration the amount of bile), bile metabolite determination was undertaken in triplicate. The nine fish collected at each sampling time were quite heterogeneous. Two groups were thus distinguished based on their length. Only one of the two groups (23±2 cm) was analyzed. Analyses of biological matrices were led on pooled samples. Description of the analyzed fish is summarized in Table 2 .
Erika oil spill sample collection
Soles were collected off the Loire River mouth (5−30 m depth), which was particularly impacted by Erika fuel, at five occasions following the Erika oil tanker wreckage. Age group 1 fish were captured at each sampling time, i.e. February, July and September 2000, September 2001 and 2002. They were dissected on boat just after capture and the organs were pooled before PAH or metabolite analyses (respectively muscle and liver for PAH determination and bile for metabolite determination).
Age group 1 corresponds to soles approximately starting their benthic juvenile development phase in May of the year preceding their capture. In this way, one can establish that fish collected during the first three campaigns belong to the same laying period, that they were born before the oil spill and that they lived through it. Fish collected in September 2001 were born a few months after the oil spill. Description of the pooled fish is summarized in Table 3 .
Results
Laboratory study
Dissolved pyrene concentration shows a maximum two hours after contamination (367 ± 14 ng L −1 , n = 3). The concentration at day 3 (9.6 ± 0.9 ng L −1 , n = 3) and day 7 (5.2 ± 0.6 ng L −1 , n = 3) shows a strong decrease after three days and a weaker one afterwards. However, this concentration does not return to T0 level (0.6 ± 0.2 ng L −1 , n = 3). Quantification of pyrene in sediments or particulates does not show any adsorption phenomena to this material at any time of the 332 H. Budzinski et al.: Aquat. Living Resour. 17, 329-334 (2004) Fig. 3 . 1-hydroxypyrene (OHPyr) concentration in the bile of soles from the control and pyrene exposures of the experimental study. T0, T1, T3, T7 for sampling days, respectively 0, 1, 3 and 7 days of exposure; Td for sampling after depuration of 7 days.
experiment. Concerning the fate of pyrene in fish, no bioaccumulation is either detected in liver or muscle. In bile samples, a single metabolite, 1-hydroxypyrene is detected after enzymatic deconjugation compared to control bile. After one day, a large increase of 1-hydroxypyrene concentration is observed (Fig. 3) . From T1 to T7, a smaller increase is observed. After the decontamination period, the level of 1-hydroxypyrene decreases under the level of T1 but does not return to T0 level. No dissolved metabolite is detected in water. 
Application to the Erika oil spill
In contrast to pyrene concentrations in muscle, 1-hydroxypyrene concentrations in the bile of fish collected from the Loire Estuary in February 2000 show greater levels than in the bile of the fish collected during the following campaigns (Fig. 4) .
Discussion
Concerning the laboratory experiment, 1-hydroxypyrene is the only metabolite detected in the bile indicating that pyrene is eliminated as glucuronide or sulphate conjugates, or less probably unconjugated, into the gall bladder under the form of a single isomer. This result is in good agreement with a previous study concerning the flounder, Platichthys flesus (Luthe et al. 2002) .
Furthermore, an important difference is observed between theoretical nominal (1 µg L −1 ) and actual level (367 ± 14 ng L −1 , n = 3) of dissolved pyrene in water two hours after contamination. Taking into account the fact that no increase of pyrene concentration is observed in particulate matter and sediment at this time, this difference can be attributed to adsorption on the basin surface, photochemical degradation or, to a smaller extend, to fish absorption. This result underlies the importance of leading actual measures of contamination in microcosm or mesocosm experiments. The large decrease of dissolved pyrene concentration observed after 3 days can only be attributed to the same phenomena because of the unexpected non-adsorption of pyrene on particulates and sediment. The absence of bioaccumulation of pyrene in the liver and muscle of fish can be explained by the large increase of 1-hydroxypyrene after no more than one day. These results indicate that the pyrene absorbed by fish is efficiently metabolized. This can be explained by the low level of contamination chosen for this experiment. The weaker increase observed at days 3 and 7 can be correlated with the weaker level of dissolved pyrene in water.
At the end of the decontamination period, the level of 1-hydroxypyrene decreases under the level of T1 but does not return to T0 level. This could be due to the non-feeding of fish which prevents from normal elimination of the bile into the intestine.
Concerning the field study, the low levels of pyrene in muscle of fish during the five campaigns (between 10 and 30 ng g −1 of dry tissue for the sum of 12 of the 16 PAHs of the US-EPA: phenanthrene, anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene (+triphenyle), benzo(b)fluoranthene, benzo(k)fluoranthene (+benzo(j)fluoranthene), benzo(a)pyrene, dibenz(a,h)anthracene (+di-benz(a,c)anthracene), benzo(g,h,i)perylene and indeno(1, 2, 3-cd)pyrene) put in evidence the unfeasibility of using PAH quantification for pollution diagnostic in the case of fish. On the contrary, the high level of 1-hydroxypyrene observed two months after the Erika sinking demonstrates the large exposure of juvenile soles to the Erika fuel oil and suggests a potential impact of the oil spill on French Atlantic sole nurseries. This is in good agreement with previous studies showing high levels of PAH metabolites in the bile of fish collected after other oil spill events (Krahn et al. 1986b (Krahn et al. , 1992 (Krahn et al. , 1993 Jewett et al. 2002; Huggett et al. 2003; Marty et al. 2003) . The low levels measured in fish from the same generation (which have lived through the oil spill) 4 months later indicates the excretion of the biliary metabolites measured in February and the rapid decrease of the pollution. It could be considered that the system returns to a sort of background level of 1-hydroxypyrene bile content around 50 ng g −1 of bile. Nevertheless, due to unknown levels of metabolites before the oil spill, it is impossible to insure that the system has returned to its initial state and to conclude definitively on the non-persistent character of the Erika oil spill.
Conclusion
The study of pyrene transformation by soles has allowed to identify 1-hydroxypyrene as the single metabolite of pyrene in bile after enzymatic deconjugation. In addition, this study has demonstrated the efficiency of the sole to rapidly metabolize pyrene. Finally, results of field campaigns led in the nursery of the Loire Estuary after the Erika oil spill have shown the interest of PAH metabolite monitoring to evaluate the exposure of fish to PAHs. This biomonitoring has allowed to put in evidence the exposure of juvenile soles to PAHs contained in Erika fuel oil.
